1976. -The right ventricular outflow tract (OT) is a functionally distinct area of the right ventricle. However, there is little information on the contribution of septal and free wall motion to OT dimensional changes. Accordingly, inflow tract (IT) and OT chords and right ventricular free wall segmental changes were measured with implanted ultrasound crystals. The timing and extent of shortening of IT and OT chords and free wall segments were determined both at rest and after stellate ganglion stimulation. At rest, IT chord shortening began 51 ms before OT shortening. OT expansion occurred during this period. IT chord shortening was 38% while OT shortening was 34%. In contrast, OT segments did not show systolic expansion. IT segment shortening was 13% while OT shortening was 21%. With stellate stimulation, IT-OT gradients of 15-25 mmHg developed. The lag between IT and OT shortening decreased to 30 ms and segmental shortening increased. We conclude that the OT is a physiologically distinct region which contracts later and remains contracted longer than the IT. Both septal and free wall movements contribute to these changes. CONTRACTION is characterized by a peristalsis-like contraction sequence beginning in the inflow region and extending to an anatomically and embryologically distinct outflow tract (3-5). Moreover, it has been shown that a pressure gradient can be induced between the inflow and outflow regions of the right ventricle (1, 6, 8). Previous studies which investigated the sequential nature of right ventricular contraction have utilized either high-speed cinematography (3, 5) or strain gauges sewn to the myocardium (1, 5). The present study was designed to study right ventricular regional shortening in a quantitative fashion and to investigate the relative contribution of septal and right ventricular free wall movements to the peristalsis-like contraction pattern.
1976. -The right ventricular outflow tract (OT) is a functionally distinct area of the right ventricle. However, there is little information on the contribution of septal and free wall motion to OT dimensional changes. Accordingly, inflow tract (IT) and OT chords and right ventricular free wall segmental changes were measured with implanted ultrasound crystals. The timing and extent of shortening of IT and OT chords and free wall segments were determined both at rest and after stellate ganglion stimulation. At rest, IT chord shortening began 51 ms before OT shortening. OT expansion occurred during this period. IT chord shortening was 38% while OT shortening was 34%. In contrast, OT segments did not show systolic expansion. IT segment shortening was 13% while OT shortening was 21%. With stellate stimulation, IT-OT gradients of 15-25 mmHg developed. The lag between IT and OT shortening decreased to 30 ms and segmental shortening increased. We conclude that the OT is a physiologically distinct region which contracts later and remains contracted longer than the IT. Both septal and free wall movements contribute to these changes. CONTRACTION is characterized by a peristalsis-like contraction sequence beginning in the inflow region and extending to an anatomically and embryologically distinct outflow tract (3) (4) (5) . Moreover, it has been shown that a pressure gradient can be induced between the inflow and outflow regions of the right ventricle (1, 6, 8) . Previous studies which investigated the sequential nature of right ventricular contraction have utilized either high-speed cinematography (3, 5) or strain gauges sewn to the myocardium (1, 5). The present study was designed to study right ventricular regional shortening in a quantitative fashion and to investigate the relative contribution of septal and right ventricular free wall movements to the peristalsis-like contraction pattern.
MATERIALS AND METHODS
Six healthy adult mongrel dogs weighing 22-28 kg were anesthetized with 25 mg/kg intravenous pentobarbital and intubated. Respiration was maintained with a Harvard Apparatus respirator. The heart was exposed through a median sternotomy. Polyethylene catheters were inserted into a femoral vein for fluid and drug administration and into a femoral artery for measurement of aortic pressure with a Statham P23Db transducer. In the present study, miniaturized piezoelectric crystals measuring 3.5 mm in diameter and 2-2.5 mm in thickness (7) were sutured to the right side of the interventricular septum using an inflow occlusion technique. The azygos vein was ligated and sutures were placed around the inferior and superior venae cavae. Lidocaine (100 mg) was given intravenously, followed in 30 s by occlusion of the cavae. A 5-cm incision was made in the right atrium through which the right ventricle was suctioned free of blood, and the ultrasound crystals were sutured to the septum. One crystal was placed near the pulmonic valve, and a second was placed just above the septal attachment of the anterior papillary muscle. The wires connected to the crystals were brought out through the atria1 incision which was then closed, and the caval clamps were released. The duration of caval occlusion ranged from 4 to 6 min. After an effective circulation had been restored, two smaller ultrasonic crystals measuring 2 mm in diameter and 1.5-2 mm in thickness were implanted in the free wall of the right ventricle at approximately the same levels as the septal crystals. The specific position of each free wall crystal was selected to provide an optimal ultrasound signal in conjunction with the septal crystal at the same level. Each pair of septal free wall crystals thus measured the instantaneous length of a chord across the right ventricular chamber, one across the outflow tract and one across the body of the right ventricle. The placement of these crystal pairs is illustrated in Fig. lA . All variables including right ventricular pressure (described below), ECG, and dimensions were recorded at 100 mm/s on a polygraph (Brush-Clevite, model 2000). After control recordings were made, measurements were repeated after left stellate ganglion stimulation (a train of 10 Hz, 10 V, 10 ms duration pulses maintained for 10 s). At the end of each experiment, the right ventricle was opened and the distance from each septal crystal to the base of the pulmonic valve was measured.
Four dogs were studied using a similar protocol except that the crystal pairs were placed in the right ventricular free wall. One pair was placed in the area of the outflow tract oriented circumferentially approximately 5-10 mm below the pulmonic valve, and a second pair was placed in the inflow region roughly parallel to the atrioventricular groove. The orientation of these crystals was chosen to correspond to the direction of the midwall fiber orientation as described by Armour and Randall (2) (Fig. LB) . In two of these dogs and in one of the inflow occlusion animals, Konigsberg P-20 pressure transducers were inserted through the right ventricular wall in both the inflow and outflow regions to record pressures in these two regions simultaneously. These gauges were calibrated with a catheter inserted into the right ventricle through the right atrium.
RESULTS
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The location of the septal crystals with respect to the base'of the pulmonic valve as determined post-mortem is shown in Table 1 . Since the placement of the sental crvstals was done ranidlv and to some RAINES, LEWINTER, AND COVELL extent, blindly, there was considerable variation in placement.
As noted previously, the free wall crystal positions were selected so that an optimal +signal could be recorded. Thus, their locations were partially dependent on the degree to which the septal crystals were tilted. Although placed at the approximate level of the corresponding septal crystal, minor variations in position occurred due to this factor. Despite the fact that the septal "outflow" crystal ranged in distance from 5 to 40 mm from the pulmonic valve, no clear-cut differences in the overall data between the different positions were noted. Therefore, all of the "outflow" data were grouped together.
Shortening under control conditions. In all cases, shortening began in the inflow tract before it began in the outflow tract (Fig. 2, arrows 1, 3). In five of six hearts, significant outflow tract expansion occurred during initial shortening of the inflow tract, i.e., there was an early systolic bulge in the outflow tract (Fig. 2,  arrow 2 ). In four of six hearts there was a definite notch in the downslope of the inflow tract shortening pattern occurring at the time the outflow tract began to shorten such that the inflow shortening rate decreased at the time the outflow tract began to shorten (Fig. 2, arrow 4) . The outflow tract chord. remained shortened well into diastole so that 'a large portion of its expansion occurred after atria1 systole. Table 1 shows the timing of the onset of shortening in both the inflow and outflow regions of the right ventricle. The inflow tract began to shorten 51 t 9 ms (mean t SE) after the onset of the R wave. Thus, under control conditions, the outflow tract' began to shorten 51 t 10 ms after the inflow tract began to shorten (P < .Ol>.
The extent of shortening was determined as the difference between the initial length at the onset of systolic shortening and the shortest length reached after shortening began and expressed as a percent of the initial length (Table 2 ). In the inflow tract the mean extent of shortening was 38 2 4.8% and in the outflow tract 34 t 3.5%. The amount of inflow tract shortening which took place before. the outflow tract .began to shorten was 26.0 t 5.7%.
Response to stellate stimulation. Right ventricular inflow and outflow tract pressures were measured in two dogs during the free wall segmental shortening studies and in one dog after placement of septal crystals using the inflow occlusion technique. In all three dogs pressure gradients developed across the right ventricular outflow tract after stellate ganglion stimulation. The peak gradients developed were 25 mmHg in each of the dogs which had not been subjected to the inflow occlusion procedure and 15-20 mmHg in the dog studied after inflow occlusion (Fig. 3) .
The mean heart rate in all six animals with septal crystals did not change significantly after stellate stimulation (140 ? 7.7 vs. 140 -+ 6.2, Table 2 ). The control systolic blood pressure was 104 t 5.2 mmHg, and after stellate ganglion stimulation increased to 132 ? 6.8 mmHg (P < .Ol). Table 2 shows the timing of the onset of shortening before and after stellate stimulation in these six a,nimals. In each heart both the inflow and outflow tracts began to shorten earlier after stellate stimulation (Table 1) . Since the change in the timing of t,he onset of shortening was greater in the outflow tract, the lag between the onset of shortening in the outflow and inflow tracts was reduced to 30 rfr 7 ms compared to 51 * 10 ms under control conditions. This change was significant (P < .02). After stellate stimulation, the extent of inflow tract shortening increased from 38 5 4.8 to 41 5 5.5% and the extent of outflow tract shortening decreased slightly from 34 ? 3.5 to 33 t 3.4%. The extent of inflow tract shortening which occurred before outflow tract shortening began decreased after stellate simulation from 26 +-5.7 to 21.5 * 5.7%.
Free Wall Shortening Characteristics
The free wall shortening signals differed qualitatively from those of the right ventricular chords. The onset of shortening was early and frequently prior to significant right ventricular pressure development.
There was no early systolic bulge present in any of the free wall outflow tract signals, and lengthening began in early systole. Mean free wall outflow tract shortening under control conditions was 21 -r-6.3%, whereas inflow tract shortening was 13 t 1.3% (Table 2 ). The timing of the free wall shortening under control conditions was similar to that seen in the septal crystal studies. The outflow tract began to shorten 21 ? 9.1 ms after the inflow tract.
After stellate stimulation, the free wall outflow tract shortening increased from 21 + 6.3 to 26 t 7.4% (P < .05). In the inflow tract the shortening increased from 13.8 * 1.3 to 16 * 2.3% (Table 2) .
DISCUSSION
The right ventricular outflow tract was recognized as being anatomically and embryologically distinct from the main portion of the right ventricle by Keith (4). He showed that the bulbus cordis, which is present as a separate chamber distal to the common ventricle in all developing vertebrate embryos, becomes incorporated into the ventricles of the mammalian heart as development proceeds. He pointed out that in the left ventricle the bulbus disappeared completely as development proceeded, whereas in the right ventricle the bulbus remained to form the infundibulum or outflow tract. Keith felt that in many cases of congenital heart disease, the defect was due to imperfect incorporation of the bulbus cordis. Further in amphibians and reptiles, the bulbus initially allows blood to enter the pulmonary circulation but then contracts in late systole to shunt blood into the systemic aortae. Keith (4) predicted that "future investigation will show that the infundibular chamber and its musculature only come into effective action during periods of great exertion and stress" in order to protect the pulmonary circulation from the high pressure which might be developed in the right ventricle.
More recent investigations have examined this area in some detail. Brock end of systole and remains contracted well into diastole, finally expanding in late systole or after atria1 contraction. March et al. (5) also studied the sequence of contraction using Walton-Brodie strain gauges sewn to the right ventricular free wall at the levels of the inflow and outflow tracts. They found an average delay in the onset of outflow tract tension of .20 ms compared with the inflow tract. Using similar methods, Armour et al. (1) confirmed and extended these observations, finding a mean delay in the onset of outflow tract tension of 25 ms which increased to 43 ms during a vagal bradycardia, shortened to 5 ms after right stellate ganglion stimulation, and was actually reversed by norepinephrine infusion.
Tobin et al. (8) have shown that pressure gradients can be produced across the right ventricular outflow tract of normal dogs. These authors were able to produce gradients of 25-41 mmHg using 5+gg/'mn isoproterenol infusions in animals previously given 0.5 mg of acetylstrophanthidin.
Subsequently, the production of similar pressure gradients was achieved using both stellate nerve stimulation (1, 6 ) and norepinephrine infusion (1). Using strain gauges, Armour et al. (1) showed increases in the force of contraction and the maximum dF/dt in the outflow tract during left or right stellate ganglion stimulation or norepinephrine infusion. Our methods allowed us to look at shortening directly in the free wall and in chords across the right ventricle. We found that there was a delay in the onset of right ventricular outflow tract shortening with 68% of total inflow tract shortening occurring during this period. Associated with this delay, there was an early systolic bulge in the outflow tract chord which was not seen in the free wall. Also, the outflow tract chord remained shortened well into diastole, whereas in the free wall the outflow tract began to expand in early diastole simultaneously with the inflow tract. We found a delay in the onset of outflow tract shortening compared with inflow tract shortening of 21 ms in the free wall and 51 ms in a chord across the right ventricular chamber. After stellate stimulation, the delay in shortening of this chord was decreased significantly.
In the free wall after stellate stimulation, a significant increase in the extent of shortening was noted. There was a smaller increase in the inflow tract which was not statistically significant. In contrast, chord shortening did not increase significantly across either the inflow or outflow tract after stellate stimulation.
March et al. (5) described a bulge in the outflow tract during early systole using cinematographic studies. In four dogs in which we studied free wall shortening, we were unable to find such a bulge. However, in five of six dogs in which we looked at a chord across the outflow tract, early systolic expansion was present. The implication of these findings is that the apparent bulge in the chord across the outflow tract may be predominantly caused by septal movement toward the left ventricle. The observed early systolic expansion may be due to an actual expansion (increase in cross-sectional area) of the outflow tract or to a shape change, with the outflow tract perhaps becoming elliptical rather than circular in cross section.
The mean delay of 21 'ms in the onset of free wall outflow tract shortening corresponds quite closely to the delay in the onset of free wall outflow tract tension development of 20 and 25 ms recorded previously by March (5) and Armour et al. (l) , respectively.
The lag of 51 ms in the onset of outflow tract chord shortening differs considerably from the above. Perhaps geometrical factors similar to those discussed above which caused an early systolic bulge to be present in the outflow tract chord and absent in the free wall also cause an increase in the delay of the onset of shortening in the outflow tract chord. The fact that the outflow tract remains contracted throughout much of diastole was observed by March et al. (5) and confirmed by us in the outflow tract chord but not in the free wall. Armour et al. (1) found that the lag in the onset of free wall outflow tract tension development could be nearly eliminated after stellate stimulation, and we.found that in the outflow tract chord the lag could be significantly reduced to 30 ms, a similar absolute change. We also documented pressure gradients during the procedure similar to those produced previously (1, 6, 8) . Although the ultrasonic dimension technique provides an accurate description of the distance between the two crystals, several factors may influence the outflow tract diameter measurements in these experiments. First, the septal crystals had to be placed blindly and quickly due to the time limitations of the inflow occlusion technique. Hence, their position and degree of tilt were variable so that the chord defined by each pair of crystals had a slightly different orientation in each experiment.
Second, the right ventricular wall is relatively thin and although care was taken to implant the crystals just under the epicardium and to minimize trauma, the tissue damage may have influenced the chord results.
Several conclusions can be drawn from the results of this and previous studies. The right ventricular outflow tract is a physiologically distinct region of the right ventricle which begins to contract later and remains contracted longer than the remainder of the right ventricle. This delay in the onset of contraction can be significantly reduced by maneuvers such as left stellate ganglion stimulation which also produce pressure gradients between these two regions of the right ventricle. This combination of greater extent of shortening beginning earlier in systole appears to be responsible for creating a functional infundibular stenosis which, in turn, allows a gradient to be produced. Differences were noted in the extent and timing of shortening in the outflow tract free wall when compared with an outflow tract chord.
